There is a paucity of literature examining recipient-donor obesity matching on liver transplantation outcomes. The United Network for Organ Sharing database was queried for first-time recipients of liver transplant whose age was ≥18 between January 2003 and September 2013. Outcomes including patient and graft survival at 30 days, 1 year, and 5 years and overall, liver retransplantation, and length of stay were compared between nonobese recipients receiving a graft from nonobese donors and obese recipient-obese donor, obese recipient-nonobese donor, and nonobese recipient-obese donor pairs. 51,556 LT recipients were identified, including 34,217 (66%) nonobese and 17,339 (34%) obese recipients. The proportions of patients receiving an allograft from an obese donor were 24% and 29%, respectively, among nonobese and obese recipients. Graft loss (HR: 1.27; 95% CI: 1.09-1.46; = 0.002) and mortality (HR: 1.38; 95% CI: 1.16-1.65; < 0.001) at 30 days were increased in the obese recipient-obese donor pair. However, 1-year graft (HR: 0.83; 95% CI: 0.74-0.93; = 0.002) and patient (HR: 0.84; 95% CI: 0.74-0.95; = 0.007) survival and overall patient (HR: 0.93; 95% CI: 0.86-1.00; = 0.042) survival were favorable. There is evidence of recipient and donor obesity disadvantage early, but survival curves demonstrate improved long-term outcomes. It is important to consider obesity in the donor-recipient match.
Introduction
Currently, the two most common indications for liver transplant (LT) are alcohol and hepatitis C virus (HCV) related cirrhosis [1] . Nonalcoholic fatty liver disease (NAFLD) is a spectrum of diseases that includes bland steatosis and nonalcoholic steatohepatitis (NASH) and is currently the third most common indication for LT [1] . The frequency of NASH as an indication for LT has been increasing. In 2001, 1.2% of LTs were performed for NASH and by 2009 this figure had reached 9.6% [2] . Furthermore, experts predict that in the coming decades NAFLD will overtake alcohol and HCV as the most common indication for LT [1, 2] . Obesity is frequently associated with NAFLD. The prevalence of obesity in patients with NAFLD is reported to be between 30 and 100 percent [3] and the presence of NAFLD correlates with severity of obesity [4] .
Research investigating the influence of recipient obesity on LT outcomes is controversial with conflicting results. Some studies report increased mortality [5] [6] [7] [8] and decreased graft survival [7, 8] in obese recipients. In comparison, other studies have found no difference in overall survival between obese and nonobese recipients [9] [10] [11] [12] . Moreover, it has been reported that survival of obese recipients is similar to nonobese recipients in living donor LT [13] .
An important variable that has not been well studied in LT is the impact of donor obesity on posttransplant clinical outcomes. In pediatric LT recipients Perito et al. reported that children receiving adult donor livers with BMI > 35 had increased risk of graft loss and death. Pediatric recipients receiving a liver from an overweight or obese pediatric donor did not have an increase in graft loss or mortality [14] . Yoo et al. reported on the effect of donor obesity on recipient outcomes in adult LT. They determined that severe donor obesity or moderate steatosis did not influence short-or long-term outcomes including primary nonfunction of the graft, early retransplantation, and patient and graft survival [15] . However, no research has addressed the impact of donor-recipient obesity matching on clinical outcomes. We completed this study to determine the impact of recipientdonor obesity matching on LT outcomes after adjusting for various confounding variables. We hypothesize that matching of recipient-donor based on obesity has an association with overall patient survival after liver transplantation.
Methods

Data. The study was approved by the Institutional
Review Board at Nationwide Children's Hospital with a waiver of individual consent (IRB14-00716). The United Network for Organ Sharing (UNOS) database was queried for first-time LT recipients who were ≥18 years of age transplanted between January 2003 and September 2013. Transplants from donation after cardiac death, split-livers, living donors, and combined transplants of liver with other organs were excluded. Transplants for acute liver failure were also excluded. We categorized the BMI of donors and recipients into nonobese (BMI < 30) and obese (BMI ≥ 30). Recipient BMI was collected at the time of transplantation. Outcomes of nonobese and obese recipients who received LTs from nonobese and obese donors were compared. Recipient-donor combinations included nonobese recipients (NOR) receiving grafts from nonobese donors (NOD), obese recipientobese donor (OR-OD), obese recipient-nonobese donor (OR-NOD), and nonobese recipient-obese donor (NOR-OD). Nonobese recipients (NOR) receiving grafts from nonobese donors (NOD) were the reference group.
There were 51,556 patients eligible to be included in the study with data on both recipient and donor BMI. The primary outcome was overall patient survival. Secondary outcomes were 30-day, 1-year, and 5-year patient and graft survival and re-LT and length of hospital stay during index admission for LT. Arbitrarily short survival duration was assigned to patients or grafts surviving < 1 day. We also included donor macrovesicular steatosis, as a covariate previously described (≤15%, 20-30%, and >30%) in a supplemental model [16] . Based on this data a correlation between donor BMI and hepatic steatosis was studied.
Univariate survival analysis excluded 99 patients with unknown survival duration and multivariable analysis excluded 10,979 patients missing data on recipient, donor, or LT procedure characteristics. Multivariable subanalyses of conditional patient survival (1-year survival conditional on 30-day survival and 5-year survival conditional on 1-year survival) excluded 1,251 and 4,458 additional cases, respectively; multivariable subanalyses of conditional graft survival to 1 and 5 years excluded 1,922 and 5,682 additional cases, respectively; and multivariable analyses of length of hospital stay after LT and re-LT excluded 647 and 1,077 additional cases missing data on these respective outcomes.
Statistical Methods.
Statistical analysis was performed using Stata/IC, version 13.0 (College Station, TX, StataCorp LP). Descriptive statistics were presented as means and standard deviations for continuous variables; and descriptive statistics for categorical variables were presented as counts and percentages. Cochran-Armitage tests for trends were used to describe the changing proportions of recipient-donor BMI combinations in LT performed over the study period. Comparisons among groups classified by recipient and donor obesity were performed using Chi-square tests for categorical variables and ANOVA for continuous variables. KaplanMeier curves and log-rank tests of survival functions were used to compare post-LT mortality and graft survival at 30 days, 1 year, and 5 years across four groups of patients defined by recipient and donor obesity. Recipient-donor obesity match was entered into a multivariable Cox proportional hazards model of overall patient survival adjusted for recipient, donor, and transplant characteristics to further examine differences in survival across recipient and donor obesity status. Due to a very high proportion of missing data, donor macrovesicular steatosis was added as a covariate in a supplemental model but was not included in the main analysis [16] . The multivariable Cox analysis was repeated for conditional patient survival outcomes and graft survival outcomes, whereas ordinary least-squares regression was used for the outcome of length of hospital stay (in days), and competing-risks regression was used for the outcome of re-LT, with mortality after LT considered a competing risk.
Results
Study Population.
The characteristics of 51,556 LT recipients enrolled included in the study are summarized in Table 1 . This analytic sample included 34,217 (66%) nonobese recipients (BMI < 30) and 17,339 (34%) obese recipients (BMI ≥ 30). The proportions of patients receiving an allograft from an obese donor (BMI ≥ 30) were 24% (8055/34217) and 29% (5044/17339), respectively, among nonobese and obese recipients. Cochran-Armitage tests for trends in proportions found significant increases in the proportions of LT involving OR and OD ( < 0.001) or NOR and OD ( < 0.001) and a significant decrease in the proportion of LT involving NOR and NOD ( < 0.001) over the study period. The trend in the proportion of LT involving OR and NOD was not statistically significant ( = 0.25) (Figure 1 ).
There were statistically significant differences in recipient age, gender, race, BMI, etiology of liver disease, diabetes mellitus (DM) status, portal vein thrombosis (PVT) at transplantation, and Model for End-Stage Liver Disease (MELD) hypertension and were older compared to NOD. Notably, the pair OR-NOD had the highest mean MELD score at LT (22.3 ± 10.2; < 0.001) ( Table 1) . Obese recipients (OR) had a higher mortality at 30 days (4%) compared to NOR (3%). However, 1-year (8% versus 9%), 5-year (10% versus 11%), and overall mortality (23% versus 25%) after LT was slightly less common among OR than in the modal group of NOR-NOD. Recipients with NOD tended to have longer length of hospital stay after LT ( = 0.04). Neither recipient nor donor obesity was associated with the likelihood of re-LT ( = 0.18) ( Table 1) .
Univariate Analysis.
A log-rank test indicated no statistically significant differences in overall patient survival among the four groups stratified by the combination of recipient and donor obesity status ( = 0.05). Kaplan-Meier 30-day, 1-year, and 5-year patient survival curves stratified by the combination of recipient and donor obesity are shown in Figure 2 . Mortality at 30 days was significantly increased in the OR-OD combination compared with the other three pairs ( < 0.001). The survival functions of OR and NOR cross over at the 3-month mark, with no statistically significant differences in survival between 30 days and 1 year after LT (log-rank test: = 0.08). Long-term (5-year) survival, conditional on survival to 1 year, demonstrated an emerging survival advantage of the OR groups, particularly OR-NOD ( = 0.004). A similar pattern was observed in Kaplan-Meier 30-day, 1-year, and 5-year graft survival curves stratified by recipient and donor obesity, as shown in Figure 3 . Early (30-day) graft failure was more common in the OR-OD group ( < 0.001), whereas 5-year graft survival favored the OR-NOD group ( = 0.01).
Multivariable Analysis.
A multivariable Cox proportional hazards model of overall survival including recipientdonor obesity matching and potential confounding variables is presented in Table 2 . After adjusting for covariates, the lowest mortality hazards were found among OR-NOD at 1 year (HR: 0.86; 95% CI: 0.78-0.94; = 0.001) and 5 years (HR: 0.92; 95% CI: 0.85-1.00; = 0.039) (Table 3(a)) and overall (HR = 0.91; 95% CI = 0.86-0.96; < 0.001) relative to NOR-NOD (Table 2 ). Pairwise comparisons of OD and NOD within subgroups defined by recipient obesity revealed no independent contribution of donor obesity status to mortality hazard in the adjusted model. Donor steatosis data were available for 12,768 of the 40,478 patients included in Table 2 . Among 4,928 obese donors with data on this variable, 225 (5%) had >30% steatosis, 808 (16%) had 20-30% steatosis, and 3,895 (79%) had <15% steatosis, as compared to 3% (224/7, 840) and 9% (673/7, 840) in the nonobese donor group (Chisquare: < 0.001). Including donor steatosis in this model Journal of Transplantation of overall survival indicated that there were no statistically significant differences by donor-recipient obesity match, but donor steatosis in the 20-30% range (HR = 1.16; 95% CI: 1.04, 1.29; = 0.010) and in the >30% range (HR = 1.25; 95% CI: 1.03, 1.52; = 0.026) was associated with increased mortality relative to <15% donor macrovesicular steatosis. Further modification of this model found no statistically significant interaction of steatosis with either donor age or cold ischemia time, suggesting that the latter factors did not modify the influence of donor liver steatosis on recipient survival (data not shown).
On multivariable regression analysis, mortality at 30 days was greatest for the OR-OD pair (HR: 1.38; 95% CI: 1.16-1.65; < 0.001). Among the covariates described above, factors associated with increased risk of early mortality included PVT, older age, greater MELD score, and longer CIT. However, survival of the OR-OD group at 1 year (HR: 0.84; 95% CI: 0.74-0.95; = 0.007) and overall survival (HR: 0.93; 95% CI: 0.86-1.00; = 0.042) were favorable compared to NOR-NOD (Table 3(a) ). Similarly, on multivariable regression analysis, graft loss at 30 days was greatest for the OR-OD pair (HR: 1.27; 95% CI: 1.09-1.46; = 0.002), yet this difference was inverted by 1 year after LT, with OR-OD and OR-NOD having the lowest hazards of graft loss (HR: 0.83; 95% CI 0.74-0.93; = 0.002 and HR: 0.86; 95% CI: 0.79-0.93; < 0.001).
At 5 years, conditional on 1 year of graft survival, no statistically significant differences remained in graft survival among groups defined by recipient and donor obesity (Table 3(b) ).
Secondary outcomes of length of hospital stay and re-LT were analyzed using multivariable regression models (Table 3 (c)). Predicted lengths of hospital stay were marginally shorter among OR-NOD and OR-OD pairs in comparison to the reference group of NOR-NOD. Adjusted hazards of re-LT were lowest in NOR-OD pair (HR = 0.81; 95% CI = 0.69-0.94; < 0.006). Repeating the survival analysis with an obesity threshold of 40 kg/m 2 did not show any significant differences from the analysis reported here with obesity threshold of 30 kg/m 2 (data not shown). Considering underweight recipients, there were 732 underweight patients (BMI < 18) of whom 130 (18%) had an obese donor. Multivariable Cox analysis of 556 underweight respondents with complete covariate data (including all covariates shown in Table 2) found no significant association between donor obesity and mortality hazard in this subgroup (HR = 1.05; 95% CI = 0.71, 1.57; = 0.802) (data not shown but available on request).
Discussion
In this study we demonstrated the impact of matching pairs of recipient-donor obesity on clinical outcomes of liver transplantation. We noted an important trend in LT with an increase in NOR-OD and OR-OD pairs and decrease in NOR-NOD. This is consistent with other literatures suggesting that an increasing proportion of LT donors and recipients are obese [15] . Interestingly, we found increased mortality in OR-OD pair in the first 30 days after LT. However, 1-year, 5-year, and overall survival in OR-OD were favorable compared to NOR-NOD. Outcomes information based on recipient and donor BMI may be helpful for physicians when accepting an offer for a specific patient. This emphasizes the importance of exploring outcomes based on body mass index or obesity status of both donors and recipients.
Research investigating the influence of recipient obesity on LT outcomes presents conflicting results with some demonstrating increased mortality and decreased graft survival in obese recipients and others demonstrating no difference in overall survival between obese and nonobese recipients [5] [6] [7] [8] [9] [10] [11] [12] . The impact of donor obesity on LT outcomes has not been well studied. We found that mortality at 30 days is significantly increased in the OR-OD pair after adjusting for all confounding variables. However, this difference does not persist, and 1-year and overall survival favor the OR-OD pair. In contrast, the lowest mortality hazards were identified among OR-NOD at 1 year and 5 years and overall. Plausibly, graft loss is significantly increased in the OR-OD pair at 30 days, but this difference is inverted by 1 year after LT, with OR-OD and OR-NOD having the lowest hazards of graft loss. At 5 years, conditional on 1 year of graft survival, no statistically significant differences remained in graft survival among groups defined by recipient and donor obesity.
Our study found evidence of obesity disadvantage very early after LT. This survival disadvantage later reverts to reduced risk of mortality around 3 months after LT with obese recipients emerging as having improved 1-year and overall survival. Similarly, there is an obesity disadvantage in terms of early graft loss among OR-OD in the 30 days following LT. This difference in graft loss reverts in OR-OD and OR-NOD by 1 year. Due to study design we cannot directly assess the cause of early obesity disadvantage, but we speculate that early disadvantage in patients receiving livers from OD could be due to the increased fat content in OD grafts resulting in primary graft nonfunction. Other investigators have demonstrated that there is increased fat content in grafts obtained from obese donors [15, 17] . There is a correlation between severity of fatty infiltration in the donor liver and higher BMI. Marsman et al. reported lower 4-month graft survival in 59 patients who received a liver graft with up to 30% fat, compared with 57 who received livers without fatty infiltration, but found that this effect did not hold at the two-year mark, also demonstrating an early disadvantage e Statistically significant difference relative to "R obese, D nonobese" group. All models are adjusted for D and R gender, D and R race, D and R age, R diagnosis, D and R diabetes history, D and R serum creatinine, D and R bilirubin, R INR, albumin, and MELD score at LT, and D SGOT and SGPT, acute rejection, PVT, and cold ischemia time. LT = liver transplantation, R = recipient, D = donor, HR = hazard ratio, = unstandardized coefficient, SHR = subhazard ratio, and CI = confidence interval. [18] . A donor liver graft steatosis of <30 is recommended to be used for implantation. It is important to note that specific subpopulations may be at higher risk with donation from high BMI donors.
Our analysis demonstrates the lowest 1-year, 5-year, and overall mortality in the OR-NOD pair, relative to NOR-NOD. Several studies published this year reported equivalent survival among OR and NOR, without accounting for the obesity status of the donor. Using UNOS registry data from 2002 to 2013, Wong et al. reported that recipient obesity was not independently associated with worse outcomes for LT; however, presence of diabetes resulted in significantly lower survival [10] . In a meta-analysis, Saab et al. found that a combined analysis comparing 2275 OR to 72,212 NOR showed no difference in mortality. However, when they pooled four studies including 364 NOR and 128 OR with similar causes of liver disease they identified a reduction in survival in OR [12] . Using short-term outcomes of OR with University Health System Consortium (UHC) and Scientific Registry of Transplant Recipients (SRTR) data, Singhal et al. reported equivalent short-term outcomes including patient and graft survival between OR and NOR. However, donor obesity status was not accounted for in their analysis [11] . With improved graft and patient survival in OR-NOD, our findings are in direct contrast to these studies.
Obesity has been shown to be protective in patients in various clinical settings, including patients admitted to the intensive care unit (ICU) [19, 20] , patients with severe sepsis [21, 22] , and patients undergoing percutaneous coronary intervention [23] . Obese LT recipients are often critically ill and spend several days in the ICU. There are multiple hypotheses for the improved outcomes demonstrated in obese patients in these settings. It has been demonstrated that obesity leads to loss of tissue homeostasis and development of an inflammatory response [24, 25] . However, critical illness leads to the accumulation of alternatively activated M2 macrophages with a more anti-inflammatory role [25] . It has also been observed that critically ill obese patients with ARDS have reduced levels of inflammatory cytokines [26] . The shift to an anti-inflammatory milieu may partially explain the obesity advantage in LT patients. Another possible explanation relates to the nutritional reserves possessed by obese patients, which may help them tolerate the increased metabolic demands of critical illness [19] .
Our study found evidence of shorter length of stay in the OR-OD pair and OR-NOD pair. Predicted lengths of hospital stay were marginally shorter among OR-NOD or OD compared to the reference group of NOR-NOD. Singhal et al. report that patients with BMI > 40 have increased post-LT length of stay in comparison to patients with BMI < 40 (9 versus 11 days, < 0.0001) [11] . In a single-center study, Tanaka et al. report increased duration of overall hospital stay for patients with BMI > 40 when using conventional BMI calculations. Using a modified BMI calculation to account for fluid accumulation they report equivalent length of hospital stay for all groups [27] . In a single-center study Conzen et al. report equivalent length of stay between OR and NOR [7] . These are in contrast to our study, in which we found a decreased length of stay in OR who received donations from both NOD and OD.
Our analysis found a reduced adjusted hazard of re-LT in the NOR-OD pair as compared to the reference pair. This was consistent with Yoo et al. who investigated LT outcomes related to donor obesity and donor liver steatosis and identified no differences in early re-LT outcomes associated with donor obesity and donor liver steatosis. However, their analysis did not include donor obesity as a covariate. Yoo et al. suggest, and we agree, that larger donor liver size may compensate in some respects for increased fatty infiltration in donor livers from OD [15] , which is supported by the findings of the current study.
Our analysis has several limitations related to the nature of collection and reporting of data in the UNOS database, which could include data entry errors, missing data, and omission of important data. A substantial number of patients were excluded because of missing recipient/donor BMI and other variables. Due to the impact of ascites on weight, the reliability of recipient BMI measurement in liver transplant recipients may not be very accurate [28] . Reporting of donor liver biopsy and steatosis, which was previously part of UNOS database, is no longer available. Despite these limitations, the study does draw from a large, multi-institutional registry database of transplant recipients and is generalizable. The large number of patients included in UNOS database allows for models adjusting for multiple confounding variables. Additionally, the large, multi-institutional nature of this study reduces potential bias observed in single-institution observational studies.
In conclusion, there is increasing trend of LT among NOR-OD and OR-OD pairs and decrease in NOR-NOD. We identified increased 30-day mortality and graft loss among OR-OD pairs; however, this relationship improved rather quickly and resulted in reduced mortality hazard at subsequent follow-up intervals of 1 year and 5 years and reduced graft loss at 1 year and equivalent graft loss at 5 years. Information on BMI based on outcomes may be helpful in selecting a donor for a specific recipient at the time of an organ offer. Holding consistent with obesity being protective, the match pair with the least hazard mortality was OR-NOD. Although we cannot determine causality of our findings due to study design, we have found intriguing donor-recipient interactions that may assist clinicians in important decisions with the need for further research to investigate the protective pathways associated with obesity in LT.
